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ABSTRACT 
The Ordovician Winnipeg Group is composed of three formations; in ascending 
order, the Black Island Formation, the Icebox Formation, and the Roughlock Formation. 
The Icebox Formation is largely composed of shale. This work shows that discontinuities 
and coarser facies exist within the Icebox Formation and that they are traceable 
throughout the subsurface of North Dakota and eastern Montana. This work also 
illustrates possible sea-level changes during the deposition of the Icebox Formation along 
with probable source areas providing detrital sediments into the study area. 
Gamma-ray wireline logs were used to distinguish the formations of the Winnipeg 
· Group from each other, and isopach maps were constructed for each formation to ensure 
consistency and uniformity in the stratigraphic data. Most gamma-ray curves within the 
Icebox Formation interval tend to extend off-scale. A total of365 gamma-ray curves 
were extracted from a LogSleuth TM program and converted into a digital format using 
Surfer™ for Windows. The individual log segments were traced and adjusted to 
eliminate the off-scale effect. The digitized well logs were then converted into a 
numerical format using UN-SCAN-IT™ for Windows and the x-y coordinates were 
imported into Petra™ for Windows. Nine west-east and nine north-south cross-sections 
were constructed across the study area. Traceable discontinuities were established by 
correlating digitized wireline log curves using similar gamma-ray signatures within the 
same stratigraphic interval. These discontinuities and coarser facies were arbitrarily 
XIV 
labeled D 1 through D40 and classified as extensive or isolated discontinuities. The 
extensive discontinuities were separated into three groups: major, intermediate, and 
\ 
minor discontinuities. Attribute and isopach maps were then constructed to display 
thicknesses and distributions of the discontinuities .. 
Traceable discontinuities exist within the Icebox Formation of the Winnipeg 
Group throughout the subsurface of North Dakota and eastern Montana and these 
discontinuities probably consist of bioturbated silt and sand. The discontinuities are 
mappable on both large and small scales as illustrated by the isopach and attribute maps 
such as major, intermediate, and minor discontinuities. During the deposition of the 
Icebox Formation, the study area was covered by a wann, shallow, epicontinental sea. 
The Icebox Formation probably represents an offshore marine environment that was 
below normal wave base adjacent to a nearshore marine environment in the northwestern 
part of the study area. The extensive discontinuities could represent detrital sediments, 
probably from Deadwood deposits or reworked Precambrian rocks; which were deposited 
from distal sources such as the Canadian Shield and a southern deltaic source. Major, 
intermediate, and minor discontinuities indicate that the rate of sediment input varied 
throughout Icebox Formation time. The thick extensive discontinuities in the 
northwestern part of the study area could be sediment deposits from a paleoshoreline 
along which sea-level fluctuated throughout the deposition of the Icebox Formation. The 
isolated discontinuities were probably deposited on topographically high areas such as 
the Nesson Anticline, the BUrleigh High, and the Stutsman High. The Ordovician sea was 
deeper relative-to sea-level during the deposition of the extensive discontinuities, but still 
shallow enough for sediments to be deposited. 
xv 
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CHAPTER! 
INTRODUCTION 
Purpose 
The Ordovician Winnipeg Group has been a subject of study for over 100 years, 
but still is not fully understood. The Winnipeg Group consists of three formations: the 
Black Island, the Icebox, and the Roughlock. The Icebox Formation is considered to be 
largely composed of shale. This work hypothesizes that traceable discontinuities and 
coarser facies exist within the Icebox Formation of the Winnipeg Group in North Dakota 
and eastern Montana. The discontinuities and coarser facies can be used to delineate 
small to moderate sea level changes and provide insight into the depositional history of 
the Icebox Formation. This study suggests several interpretations for the deposition of 
the Icebox Formation of the Winnipeg Group in eastern Montana and North Dakota 
based on the data collected. 
Regional Setting 
The Williston Basin is a broad, circular, intracratonic basin that extends across 
North and South Dakota, Montana, Manitoba, and Saskatchewan (Ahem and Mrkvicka, 
1984) (Fig. 1). The basin includes 51,600 square miles in North Dakota (Carlson and 
Anderson, 1965, p. 1833) with a maximum known sedimentary thickness of 15,380 ft in 
Billings County, North Dakota. It forms a large depression along the western edge of the 
Canadian Shield and is bordered on the south by the Sioux Arch, on the southwest by the 
1 
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Figure 1. The location of the Williston Basin and areal extent of the Winnipeg Group 
(from Ellingson, 1995). 
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r 
Black Hills Uplift and Miles City Arch, and on the west by the Bowdoin Dome (Gerhard 
et al, 1982). The hinge line separating the stable region from the region undergoing 
subsidence for the eastern part of the basin is located between the Superior and Churchill 
Provinces. This boundary is an important factor in Phanerozoic basin development, 
based on evidence from stratigraphic and gravity studies (Gerhard et al, 1982). 
Numerous smaller structures exist within the basin. These include the Cedar 
Creek, Antelope, Poplar, Nesson, Billings, and Little Knife anticlines (Fig. 2). The Cedar 
Creek, Antelope, and Poplar anticlines are generally northwest-southeast trending 
structures, while the Nesson, Billings, and Little Knife anticlines are north-south trending 
structures (Gerhard et al, 1982). The Red Wing Creek and Newporte structures are 
important structural elements within the basin because they produce oil. Gerhard et al. 
(1982) described the Red Wing Creek structure as an impact structure; Gerlach et al. 
(1995) verified the crater-shaped Newporte structure to also be an impact structure. 
The Winnipeg Group is not confined to the basin and occurs throughout most of 
North Dakota, and parts of Montana, South Dakota, Wyoming, Saskatchewan, Manitoba, 
and the northwestern comer of Minnesota (Thompson, 1984). The study area discussed 
in this thesis includes all of North Dakota and the eastern part of Montana to range 40E, 
about longitude 105.SW (Fig. 3). 
Regional Stratigraphy 
The Winnipeg Group (Upper Ordovician) consists of three formations: the 
lowermost Black Island Formation, the intermediate Icebox Formation, and the 
uppermost Roughlock Formation (Fig. 4). The Winnipeg Group reaches a maximum 
thickness of 448 ft at the center of the Williston Basin near Watford City, McKenzie 
3 
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-, 
Foster 
Blgb 
0 
0 
Stutsman 
High 
SD 
·ttH· ..i-----=2::)----1 
~ L---- --"9"- I 
"9" 9" "9" 
....____,,...-I "9" + 
5 
§-
8 c., 
bl) 
Q) 
0. :~ 
~ 
••••• ••••• ••••• ••••• ••••• ••••• ••••• 
m -----
-•-+-+ •-•-+-+ -+-+-+--+-+-+ -•-+-•-·-·-·-· -·-·-·-•-•-•-• -=.ti""..!:+•-= 
Red River Formation 
-........ 
~-::-::-:-:-:-
Roughlock Formation - - - - - - -- - - - - - - -- - - - - - -..... T TT ... T ... - - - - - - -- - - - - - - -r .,,.-.,,.-.,,,,-.,,.-.,,.-.,,.-.... ---------------T-T-- .alJf! -----
t..~: - ----------- - - - - - -
Icebox Formation - - - - - ----- - - - - -- - - - - - -- - - - - - - --:-:-:-:-:~-:--: - - - --.. ... 
~<~ ............. 
Garland Member ••••••••••• •••••••••• • ••••••••• 
Black • ••••••••• •••••••••• 
Island ........ ·.·.-.·.·~:. ·.·.····;,.~.-
Formation Hawkeye Valley !~-~!-;::";!~"; _. -+-•-+-•-•-•-+-+-+-+-+-•-+-• 
Member -· -·-·-·-·-·-·-+-+-+-+-+-+-+-• -·-·-·-·-·-·-·-+-+-•-•-+-+-+-+ i,.;.!-;.!~!:;!:;.!:;!;!:; 
Deadwood Formation ··············~···· ... .,, ...... , ........ - - - - - - - -•••••••••• • ••••••••• - - - - - - -
•••••••••• 
Limestone --- Time-Transgressive 
Sandstone 
Shale 
Calcareous Shale 
lnterbedded Sandstone and Shale 
Figure 4. Diagrammatic lithologic column of the Winnipeg Group and adjacent units 
(modified from Ellingson, 1995). 
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County, North Dakota (Ellingson, 1995). The Black Island Formation consists of the 
Hawkeye Valley Member and the Garland Member. It reaches a maximum thickness of 
265 ft at the center of the Williston Basin. The Hawkeye Valley Member has a 
maximum thickness of 128 ft and contains two lithofacies: a red-bed lithofacies of clay 
and sand, and a green quartz wacke lithofacies. The Garland Member attains a maximum 
thickness of 169 ft and also contains two lithofacies: a quartz arenite lithofacies and a 
green wacke lithofacies. The quartz arenite lithofacies consists of three lithotypes: a 
bioturbated quartz arenite, a structured quartz arenite, and a structureless quartz arenite. 
The Icebox Formation overlies the Black Island Formation and consists ofnoncalcareous, 
green to gray, fossiliferous, bioturbated clayshale which reaches a maximum thickness of 
167 ft. The Roughlock Formation overlies the Icebox Formation and consists of 
argillaceous, fossi!iferous, nodular limestone with a maximum thickness of95 ft 
(Ellingson, 1995). 
In North Dakota, the Winnipeg Group disconformably overlies the sandstone, 
shale, and carbonate rocks of the Deadwood Formation, except in eastern North Dakota 
where it nonconfonnably overlies Precambrian rock. The Winnipeg Group confonnably 
underlies the dolomitic limestone of the Red River Formation. Outcrop exposures of the 
Winnipeg Group are found in the northern Black Hills, the Big Hom Mountains, east-
central Saskatchewan, and on islands along the shores of Lake Winnipeg, Manitoba 
(Thompson, 1984). 
Previous Work 
Dowling (1895) was the first to describe the strata presently known as the 
Winnipeg Formation from outcrops on islands in Lake Winnipeg, Manitoba. He named 
7 
this unit the "Winnipeg Sandstone". He described the rocks near the base of the exposure 
as fine-grained, friable sandstone with small amounts of shale towards the top 
(Ellingson, 1995). Later, Dowling (1900) designated these rocks as the "Winnipeg 
Formation" when studying exposures on four other islands in Lake Winnipeg (Ellingson, 
1995) (Fig. 5). 
In 1941, Laird first used the term "Winnipeg" in the subsurface of North Dakota 
when describing three selected deep well records: Town of Hamilton Well, Pembina 
County; Town of Grafton Well, Walsh County; and Prairie Oil and Gas Well No. 2, 
Kidder County. He described the Winnipeg unit as gray shale ranging from 130 ft-to 
214-ft thick underlain by a 3 ft-to 5-ft thick white sandstone designated ''Deadwood?" 
Genik (1951) divided the Winnipeg Formation into the Black Island member, the 
Grindstone Point IQ.ember, and the Deer Island member when studying the subsurface of 
the Williston Basin and outcrops in Manitoba (Carlson, 1960). Baillie (1952) separated 
the Winnipeg into two units while studying Ordovician strata exposed in outcrops and 
quarries in south-central Manitoba He described the 35 foot-thick upper unit as 
fossiliferous, blue green shale interbedded with sandstone overlain by dolomitic 
limestone of the Red River Formation and the 45 foot-thick basal sandstone unit as 
unfossiliferous, friable, quartzose sandstone underlain by the Precambrian. In the 
northern Black Hills, McCoy (1952) described 150 ft of Middle Ordovician sediment 
conformably overlain by the Mississippian Englewood dolomitic shale and underlain 
conformably by the Deadwood Formation. He separated the Winnipeg Formation in 
ascending order into the Aladdin sandstone, the Ice Box shale, and the Roughlock 
siltstone. He described the Chazyan age Aladdin sandstone as 12 ft-to 25 ft-thick brown 
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Figure 5; Stratigraphic nomenclature from 1900 to 1958. 
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sandstone, the Black River age Ice Box as 35 ft-to 40 ft-thick olive-green shale, and the 
lower Trenton age Roughlock as pale-gray to green siltstone ranging in thickness from 25 
ft-to 30-ft. McCoy was the first to name the olive-green shale ''the Ice Box shale", a name 
taken from Ice Box gulch. He noted the Aladdin sandstone-Ice Box shale contact to be 
very sharp, and the Ice Box-Roughlock contact to be gradational. 
Kupsch (1953) used the three members proposed by Genik (1951) to describe the 
Winnipeg Formation when conducting field studies on outcrops in the Namew Lake-
Ballantyne Bay area and from investigations in the Prince Albert-Hudson Bay area of 
east-central Saskatchewan. 
In his regional study of the Winnipeg Formation, Genik (1954) named the basal 
sandstone within the type area the "Black Island member'' and the overlying, shalier, 
beds the ''Deer Island member''. He extended the use of the term "Winnipeg" to include 
subsurface beds in North Dakota and outcrops in the Black Hills of South Dakota. He 
called the Aladdin Formation of the Black Hills the Black Island Member, and the Icebox 
. and Roughlock formations of the Black Hills the Deer Island member of the Winnipeg 
Formation (Thompson, 1984). 
When he correlated the Deadwood and Winnipeg Formations in the Williston 
Basin, Stocker (1956) stated that ''the Winnipeg Formation is composed from the top 
down of the upper Winnipeg sandstone, Winnipeg shale, and lower Winnipeg sandstone". 
He described the upper Winnipeg sandstone member as gray, calcareous, silty sandstone 
that occasionally occurred above the Winnipeg shale member, ranging up to 50 ft-thick in 
some areas. The Winnipeg shale member ranged from 45 ft-to 150 ft-thick and consisted 
of green to gray, splintery, waxy shale. Stocker described the lower Winnipeg sandstone 
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member as over 50 ft-thick, containing friable, subround to round quartz grains that 
become absent near the Williston Basin. He also reported that the Winnipeg Formation 
was overlain conformably by the Red River Formation and unconformably underlain by 
the Deadwood Formation or Precambrian rock. 
Carlson (1958) reported that the Winnipeg Formation consisted of sandstone, 
shale, and siltstone ranging in thickness from O ft in eastern North Dakota to 334 ft in 
northwestern North Dakota. This description was compiled from well cuttings, cores, 
and all available mechanical logs in North Dakota, adjacent states, and provinces. He 
described the Winnipeg as being conformably and gradationally overlain by the Red 
River Formation and underlain by the Deadwood Formation, except in northeastern North 
Dakota where it lies above Precambrian rock. He divided the Winnipeg Formation into 
three members: the_ Roughlock, the Icebox, and the Black Island. Carlson named the 
uppermost members of the Winnipeg Formation in the subsurface of the Williston Basin 
the Roughlock and the Icebox - terms previously applied to equivalent shale and siltstone 
units exposed in the Black Hills of South Dakota. However, Carlson noted that the basal 
sandstone member of the Winnipeg Formation does not have an equivalent in the Black 
Hills outcrop section. He designated the basal sandstone unit in the Williston Basin the 
Black Island - a term previously applied to the basal sandstone member in an outcrop 
area in Manitoba, even though the relationship between the subsurface basal sandstone 
and outcrop in Manitoba was not clearly demonstrated. 
fu his study of Ordovician and Silurian stratigraphy and sedimentation in southern 
Manitoba, Andrichuk (1959) noticed a general distribution oflower and upper sands 
within the Winnipeg Formation. He arbitrarily subdivided the upper 100 ft of sand from 
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the underlying basal section within the Winnipeg Formation (Fig. 6). Andrichuk noted 
that the upper sand formed a large east-trending body in the Carman area, which 
extended 125 miles in length, averaged 30 miles in width, and was up to 90 ft thick. He 
referred to this feature as the "Cannan" sand body. Porter and Fuller (1959) 
reconstructed a stratigraphic column of outcrop sections in the Interlake area of southern 
Manitoba. They subdivided the Winnipeg Formation into the Winnipeg shale and 
Winnipeg sandstone. Porter and Fuller described the sandstones as being well sorted, 
rarely micaceous, weakly cemented by calcareous or ferruginous matter, and containing a 
high portion of large well rounded frosted quartz grains with current-bedding and ripple-
marking. They described the upper part of the sequence as bluish-green, thin siltstones 
and shales. Porter and Fuller also stated that ''the elastic Deadwood and Winnipeg 
formations were s~arated by an unconformity'' and suggested the unconformity to be 
pre-Middle Ordovician in age. 
Fuller (1961) designated the basal sandstone of the Winnipeg Formation in the 
subsurface of the Williston Basin as the Burgen sandstone and restricted the Black Island 
(Carlson, 1958) to the basal sandstones of outcrop sections in Manitoba. He referred to 
the Winnipeg Formation as the Winnipeg Group and divided it into three units; in 
ascending order, the Burgen sandstone, the basal sandstone unit, and the upper unit. 
Fuller stated that the "lower sandstone ( of the subsurface) is either attenuated or absent at 
the Manitoba outcrop, an observation that leads unavoidably to the conclusion that the 
two basal sandstones mark different stratigraphic levels". 
In 1964, Carlson formally changed the Winnipeg Formation to the Winnipeg 
Group based on correlations of lithologic units through the Williston Basin subsurface to 
13 
Figure 6. -Stratigraphic nomenclature from 1959 to 1995. 
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outcrops in South Dakota and Manitoba. He subdivided the Winnipeg Group into three 
formations; in ascending order, the Black Island Formation, the Icebox Formation, and 
the Roughlock Formation. 
Paterson (1971) correlated the Winnipeg Formation to regions within 
Saskatchewan and North and South Dakota through cross-sections. He divided the 
Winnipeg Formation into the lower Black Island Member and upper Icebox Member, 
neglecting the Rough.lock Member since it was not present in Saskatchewan. Paterson 
described the lower unit as, quartzose sandstone with minor amounts of siltstone and shale 
and correlated it with Genik's (1954) Black Island Member. He correlated the upper unit 
with Carlson's (1958) Icebox Member and described the unit as green waxy shale with 
minor amounts of siltstone and shaly quartzose sandstone. Vigrass (1971) divided the 
Winnipeg Formatjon into the lower and upper Winnipeg units based on bed-by-bed 
correlations using samples and mechanical logs from Manitoba and eastern 
Saskatchewan. He described the Winnipeg Formation as an Ordovician age mudstone-
sandstone unit confonnably overlain by the Red River Formation and unconformably 
underlain by older rocks. Vigrass also mapped a basin-margin sandstone facies, an 
offshore mudstone facies, and a transitional facies of intertongued sandstone and 
mudstone. These facies occurred in both units where the transitional facies were between 
the other two. 
McCabe (1978) described the Winnipeg Formation as a complex sequence of 
interbedded sands and shales that ranged in thickness from O ft-to 136-ft in southwestern 
Manitoba. In this study, McCabe arbitrarily subdivided the Winnipeg Formation into two 
informal operational units at a calculated midpoint based on the regional data that 
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indicated a more pronounced and irregular facies change in the Winnipeg Formation in 
Manitoba than in adjacent areas of North Dakota and Saskatchewan. 
Thompson.(1984) used correlated well logs to locate the Deadwood-Black Island 
contact in North Dakota He used Carlson's (1964) subdivision scheme for the Winnipeg 
Group, but separated the Black Island Formation into two members based on core 
descriptions and well log interpretations. Two lithofacies occurred within each Black 
Island member. He recognized a red-bed lithofacies and a green quartz wacke lithofacies 
within the lower member and a quartz arenite lithofacies and a green quartz wacke 
lithofacies in the upper member. 
LeFever et al. (1987) studied the earliest Paleozoic history of North Dakota using 
303 well logs from North Dakota and 60 well logs from Montana, South Dakota, 
Saskatchewan, and.Manitoba. Their interpretations were also based on 2000 foot of core 
from the Winnipeg and Deadwood Formations. They further used backstripping 
techniques to estimate the amount of subsidence due to tectonic processes within the 
Williston Basin. Using Thompson's (1984) nomenclature, LeFever et al. subdivided the 
Winnipeg Group in ascending order into the lower member of the Black Island 
Formation, the upper member of the Black Island Formation, the Icebox Formation, and 
the Roughlock Formation having a combined maximum thickness of 440 ft in the center 
of the Williston Basin. LeFever et al. described the Black Island Formation as sandstone 
with subordinate amounts of shale, the Icebox Formation as mostly shale with some local 
sandstone lithofacies, and the Roughlock Formation as argillaceous, fossiliferous 
limestone. The Roughlock and Icebox Formations were deposited in a deep marine 
environment, the lower member of the Black Island Formation was deposited in a 
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fluvial/deltaic environment, and the upper member of the Black Island Formation was 
deposited in a shallow marine environment. Lefever et al. stated that "the Deadwood-
Winnipeg interval spans the time during which the Williston Basin began to subside and 
became a recognizable basin". In 1987, Carlson and Thompson again subdivided the 
Black Island Formation into two members. Carlson and Thompson described the lower 
member as confined to the center of the Williston Basin and consisting of reddish-brown 
and green sandstone and shale with a maximum thickness of 100 ft. The upper member 
consists of quartzose sandstone with a maximum thickness of 160 ft at the Williston 
Basin's center that thins outwardly in all directions. 
Kessler (1991) described the Winnipeg Group as a sandstone-shale-marly 
limestone lying unconformably above Precambrian metamorphic rocks and Cambro-
Ordovician sedim~nts and gradationally overlain by the Red River Formation. In 1991, 
Kessler recognized three large elongated east-west trending sandstone bodies within the 
Icebox Formation in Manitoba, Saskatchewan, and North Dakota. He correlated the 
largest sand body, the Carman sand, in southern Manitoba with the Grand Forks sand in 
Grand Forks, North Dakota. Kessler described these 30 m thick sand bodies as ridge 
systems and stated that they were "initially formed by westward moving, storm driven, 
shelf geostrophic currents". 
Using well log interpretations and core descriptions, Ellingson and LeFever 
(1995) formally subdivided the Black Island Formation of the Winnipeg Group into the 
Hawkeye Valley Member and the Garland Member. The Hawkeye Valley Member, 
named after a prominent drainage where the type section well occurred, disconformably 
overlies the Deadwood Formation and underlies the Garland Member, reaching a 
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maximum thickness of 128 ft in Williams County, North Dakota. Ellingson and LeFever 
described two lithofacies within this member: a red-bed lithofacies and a quartz wacke 
lithofacies. The Garland Member, named after the type section well and resting either on 
the Hawkeye Valley Member or unconformably on Precambrian rock, is overlain by the 
Icebox Formation and reaches a maximum thickness of 169 ft in McKenzie County, 
North Dakota. Ellingson and Lefever also described two lithofacies within the Garland 
Member: a quartz arenite lithofacies and a green wacke lithofacies. 
Lefever (1996) used core analysis and well log interpretations to describe the 
sedimentology and stratigraphy of the Deadwood-Winnipeg interval in the Williston 
Basin. Using previous nomenclature, he subdivided the Winnipeg Group into the Black 
Island Formation further separated into the Hawkeye Valley and Garland Members, the 
Icebox Formation,.and the Roughlock Formation. The Winnipeg Group unconformably 
overlies the Deadwood Formation over most of the Williston Basin and conformably 
underlies the Red River Formation. 
Age 
Holland and Waldren (1955) suggested that the basal sandstone unit of the 
Winnipeg Group was older than Cincinnatian and could be Blackriveran or Chazyan in 
age based on conodonts from North Dakota. Carlson {1960) compared the conodont 
fauna of the Winnipeg Group with conodont fauna from the Middle Ordovician rocks of 
the Upper Mississippi Valley. He concluded that the Icebox Formation was Blackriveran 
to Trentonian in age because fauna from the lower part of the Icebox Formation in North 
Dakota were similar to fauna in the Decorah Formation in Minnesota. Carlson agreed 
with Holland and Waldren (1955) that the Black Island Formation was Blackriveran or 
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Chazyan in age. He correlated the upper part of the Decorah Formation with the 
Roughlock Formation, and suggested that the Roughlock Formation was Trentonian in 
age. 
In 1982, Sweet completed a conodont study of the Winnipeg Group in the 
northern Black Hills of South Dakota. He found the Icebox Formation to be Rocklandian 
and/or early Kirkfieldian in age, and the Roughlock Formation to be late Kirkfieldian to 
earliest Shermanian in age. 
Thompson (1984) suggested that the stratigraphy of the Winnipeg Group could be 
Middle to Late Ordovician in age. More specifically, the Winnipeg Group could range 
from the Chazyan Stage of the Champlanian Series to the Edenian Stage of the 
Cincinnatian Series (Fig. 7). Due to the gradual transgression that occurred in the Late 
Ordovician, Thompson believed the Winnipeg Group to be time-transgressive. 
Methods 
The formations of the Winnipeg Group can be distinguished from each other by 
using gamma-ray curves on wireline logs (Fig.8). The tops of the formations were 
recorded for 365 wells within the study area. All of the well log information is available 
for inspection at the University of North Dakota's Wilson M. Laird Core and Sample 
Library. 
Isopach maps and cross sections were constructed to ensure consistency and 
uniformity in the stratigraphic data. Well logs were converted to a digital format and 
scaled identically to the original gamma-ray well log to ensure uniformity of 
interpretation. The tendency for most gamma-ray curves to extend off-scale made this a 
necessary step. Images were extracted using the logging software LogSleuth ™ (M.J. 
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Systems, 1997) and digitized to eliminate the off-scale effect. These log images were 
then exported into Surfer™ for Windows (Golden Software Inc., 1997). The individual 
log segments were traced and the off-scale portions were adjusted into a single curve 
(Fig. 9). Finally, the digitized well logs were translated into a numerical format using 
UN-SCAN-IT™ for Windows (Silk Scientific Inc., 1994). The x-y coordinates were 
then imported into Petra™ for Windows (geoPLUS Corp., 1997). The Petra™ software 
for Windows enabled the digitized curves to be put into cross-sections in order to identify 
the traceable discontinuities and coarser lithologies. Nine west-east cross-sections and 
nine north-south cross-sections were constructed across the study area. After 
distinguishing the discontinuities within the cross-sections, the remaining wells not in the 
cross-sections were correlated until a comprehensive coverage of the study area was 
achieved. Attribu~e maps were plotted to display the discontinuities in each well, along 
with isopach maps of several discontinuity. Attribute maps show the distribution and 
location of each discontinuity. Two fence diagrams were constructed to project a three 
dimensional view of the proposed discontinuities, one in the eastern part of the study area 
and one in the western part. 
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CHAPTER II 
DIGITAL LOG RESULTS 
Winnipeg Group 
-------~-----------
The formation tops of the Winnipeg Group have been adjusted to the digitized 
wireline logs instead of using the original picks from the off-scale gamma-ray wireline 
logs. The Winnipeg Group reaches a maximum thickness of 548 ft in the center of the 
Williston Basin in McKenzie County, North Dakota and thins westward into Montana 
(Fig. 10). The Winnipeg Group has a constant thickness of about 280 ft in eastern North 
Dakota. 
The Black Island Formation conformably underlies the Icebox Formation and 
unconformably overlies the Deadwood Formation. The Black Island Formation reaches a 
maximum thickness of 267 ft in the center of the basin and is absent in southern and 
eastern North Dakota (Fig. 11 ). 
The Icebox Formation gradationally and conformably underlies the Roughlock 
Formation and conformably overlies the Black Island Formation, except in eastern and 
southern North Dakota where it lies above the Deadwood Formation because the Black 
Island Formation is absent. In North Dakota Geologic Survey (NDGS) Wells 411 and 
422. in Ramsey County and in NDGS Wells 670 and 673 in Stutsman County, North 
Dakota, the Icebox Formation lies above Precambrian rock. These are the only digitized 
well logs where this occurs. The Icebox Formation reaches a maximum thickness of222 
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Figure 11. Isopach map showing the extent and thickness of the Black Island Formation (contour interval= 20 ft). 
ft in Barnes County North Dakota and has a maximum thickness of 187 ft in the center of 
the Williston Basin (Fig. 12). The Roughlock Formation conformably lies between the 
Red River and Icebox Formations~·· The Roughlock Formation reaches a maximum 
thickness of 106 ft in Ramsey County, North Dakota (Fig. 13). The formation is 
consistently 45 ft-to 55-ft thick throughout central North Dakota and thins westward into 
Montana to about 35 ft. 
Traceable Discontinuities 
Traceable discontinuities were established by correlating digitized wireline log 
curves using similar gamma-ray signatures within the same stratigraphic interval. The 
discontinuities were correlated through cross-sections which covered the entire study area 
(Fig. 14, 15). Nine west-east cross sections labeled numerically (Fig. 16-24) and nine 
north-south cross-sections labeled alphabetically (Fig. 25-33) included similar digitized 
log curves to assure consistent discontinuity labeling and prevent any contradictions 
between them. Forty discontinuities and their geographic distributions are summarized in · 
Table 1. They were arbitrarily labeled Dl through D40. As illustrated in the cross-
sections and the fence diagrams (Fig. 34, 35), the discontinuities were more prominent in 
eastern Montana and comparatively thin throughout North Dakota. 
The term "discontinuity'' has been largely used here to refer to a now known 
coarser facies within the Icebox Formation. Several cores for North Dakota wells 
intersect the Icebox Formation, but only through the lower portion (Fig. 36). Based on 
the .cores, the discontinuities probably represent intervals ofbioturbated sand and shale 
within the Icebox shale (Fig. 37). No cores for wells in Montana were easily obtainable 
and therefore were not used. 
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Figure 22. Cross-section 7 divided into two parts illustrating correlated discontinuities. 
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Figure 23. Cross-section 8 divided into two parts illustrating correlated discontinuities. 
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Figure 24. Cross-section 9 divided into two parts illustrating correlated discontinuities. 
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Figure 25. Cross-section A divided into two parts illustrating correlated discontinuities. 
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Figure 26. Cross-section B divided into two parts illustrating correlated discontinuities. 
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Figure 27. Cross-section C divided into two parts illustrating correlated discontinuities. 
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Figure 28. Cross-section D divided into two parts illustrating correlated discontinuities. 
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Figure 29. Cross-section F divided into two parts illustrating correlated discontinuities. 
,,_, -·----------
N 
-100-
,, 
"" 
-¢-
31 
-¢- -<>-11055 U03 -<>-
-¢- -¢- -¢-
" ., .. 1711 1720 
o • ' , :,....... ....__ ......, ,. ot····-~-----·--'v·-- -~--------0, ::S- s ~...., o 
200· 
__!1!!L 
.j::. 
-....J 
. ----------- .. ·---------03• · --------- -----D2 : .......... ::::-----........................ .. 
-<>-1144 -<>-119 
-¢-
1553 
-¢-
lU, 
-¢-
5571 
•· ;,=--~;ss-··,-03-:.:;.-:z···D3--·------------------::;,-··S.-.----------------------··c:-----:i:::,..-oa 
---o,-·--· 
-<>-66!4 
s 
·-100 
• 0 ;::::::ce 
g--·•-05 
-100 
·200 
Figure 30. Cross-section G divided into two parts illustrating correlated discontinuities. 
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Figure 31. Cross-section H divided into two parts illustrating correlated discontinuities. 
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Figure 32. Cross-section J divided into two parts illustrating correlated discontinuities. 
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Figure 33. Cross-section K divided into two parts illustrating correlated discontinuities. 
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Table 1. Discontinuity distributions, discontinuity labels, number of wells in which they 
occur (#Wells), maximum thiclmess (Max.), and their general location. 
Label #Wells Max. Location 
Dl 249 23 ft Covers entire study area 
D2 128 72 ft Mostly covers the western part of the study 
area 
D3 247 23 ft Covers entire study area 
D4 31 20 ft Restricted to northwestern part of study area 
D5 160 34 ft Covers western half of study area 
D6 108 21 ft Concentrated through the middle of study 
area 
D7 4 19 ft Restricted to extreme southeastern part of 
North Dakota 
D8 12 23 ft Covers extreme east-central North Dakota 
D9 3 13 ft Restricted to northeastern North Dakota 
DlO 8 12 ft Restricted to extreme east-central North 
Dakota 
Dll 3 12 ft Restricted to Emmons County, ND 
D12 1 9ft Restricted to NDGS well# 7101 Emmons 
County,ND 
D13 1 11 ft Restricted to NDGS well# 7101 Emmons 
County, ND 
D14 6 13 ft Restricted to east-central North Dakota 
D15 7 21 ft Restricted to east-central North Dakota 
Dl6 4 10 ft Sporadic in east-central North Dakota 
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Table 1. ( continued) 
Label #Wells Max. Location 
D17 2 23 ft Restricted to extreme eastern North Dakota 
D18 4 23 ft Restricted to extreme east-central North 
Dakota 
D19 17 18 ft Covers extreme east-central North Dakota 
D20 4 14 ft Restricted to east-central Montana 
D21 6 18 ft Mostly concentrated in Golden Valley; 
County,ND 
D22 4 16 ft Restricted to Stutsman County, ND 
D23 4 12 ft Restricted to Stutsman County, ND 
D24 I 10 ft Restricted to NDGS well# 9776 Stutsman 
County,ND 
D25 I 5 ft Restricted to NDGS well# 632 Benson 
County,ND 
D26 I 11 ft Restricted to NDGS well# 8553 Morton 
County,ND 
D27 2 12 ft Restricted to central North Dakota 
D28 2 13 ft Restricted to central North Dakota 
D29 3 10 ft Restricted to extreme south-central North 
Dakota 
D30 3 45 ft Restricted to south-central North Dakota 
D31 2 16 ft Restricted to Stark County, ND 
D32 25 20 ft Restricted along the Nesson Anticline in 
North Dakota 
52 
- -1----;-----,.--J --,--I -
I, L .- .1 r t 
r 
• DI • D4 • D20 
• D2 D D5 
• D3 06 
Figure 34. Fence diagram illustrating the generalized thickness of discontinuities within 
the Icebox Formation in the western part of the study area. 
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Figure 35. Fence diagram illustrating the generalized thickness of discontinuities within 
the Icebox Formation in the eastern part of the study area. 
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Figure 36. Map of study area showing location of wells with cores. 
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Figure 37. Core sample from 10,877 ft to 10,900 ft, Carter Oil Company 
(NDGS Well No. 2010), NWl/4, NEl/4, Sec. 7, R102W, Tl63N, Divide 
County, North Dakota showing an interval ofbioturbated sand 
and shale within the Icebox Formation. 
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Some discontinuities are extensive throughout the study area, while others are 
isolated to a particular locality or single wireline log. Therefore, the discontinuities were 
classified as extensive and isolated. The extensive discontinuities were subdivided into 
three groups: major,· intermediate, and minor. An idealized stratigraphic column of these 
discontinuities is shown in Figure 38. 
Major Extensive Discontinuities 
Discontinuities that occurred within at least 30 percent of the total wells and 
significantly covered the study area were considered major extensive discontinuities. 
These include DI, D2, D3, D5, and D6 (Fig. 39). 
As seen in the attribute map, D 1 is present in 68 percent (249 wells) of the total 
wells (365) within the study area and is not present in north-central and east-central North 
Dakota (Fig. 40). ~iscontinuity 1 reaches a maximum thickness of23 ft in Well 
2507905005 in Prairie County, MT (Fig. 41 ). It is relatively thick in eastern Montana but 
thins in North Dakota. Discontinuity I appears to be absent in north-central and east-
central North Dakota but this could be a result of the correlation techniques used in this 
study. Some of the wells in these areas show a gamma-ray signature similar to D 1 that 
could not be directly correlated in cross-section with adjacent wells; therefore, they were 
not labeled. Stratigraphically, DI typically occurs just below the top of the Icebox 
Formation. 
Discontinuity 2 occurs in-the lower one-third of the Icebox Formation, above D3. 
It is restricted to the northwestern part of the study area and occurs within 35 percent 
(128 wells) of the total wells (Fig. 42). It reaches a maximum thickness of72 ft in Well 
2508521219 in Roosevelt County, MT (Fig. 43). 
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Figure 38. Idealized stratigraphic column displaying the relative position of each 
extensive and isolated discontinuity within the Icebox Formation. 
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Figure 39. Digitized gamma-ray ofWell 2509121004, NEl/4, SEl/4, Sec. 30, R56E, 
T33N, Sheridan County, Montana illustrating several discontinuities within 
the Icebox F orm.ation. 
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Figure 40. Attribute map showing extent ofD1. The dark gray circles denote the wells in which Dl occurs. 
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Figure 42. Attribute map showing extent of D2. The dark gray circles denote the wells in which D2 occurs. 
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Figure 43. Isopach map showing the thickness ofD2 (contour interval= 5 ft). The star indicates the location of the well where D2 is 
the thickest. · 
Discontinuity 3 occurs in 67 percent (247 wells) of the total wells within the 
study area (Fig. 44). D3 is present within the core ofNDGS Well 207 where it is 
represented by bioturbated sand and shale (Fig. 45). It reaches a maximum thickness of 
23 ft in Well 2510905150 in Wibaux County, MT (Fig. 46). D3 is also thick in eastern 
Montana and thins throughout North Dakota Stratigraphically, it occurs above a gamma-
ray spike near the base of the Icebox Formation 
Discontinuity 5 occurs within most of the wells in the western part of the study 
area (160 wells) but is absent in the eastern part (Fig. 47). It reaches a maximum 
thickness of34 ft in NDGS Well 7937 in Morton County, ND (Fig. 48). D5 occurs in the 
upper one-third portion of the Icebox Formation below Dl. 
Discontinuity 6 appears in 108 wells largely throughout the central part of the 
study area (Fig. 49). Stratigraphically, D6 occurs in the upper one-third of the Icebox 
Formation between D 1 and D5. D6 reaches a maximum thickness of 21 ft in NDGS Well 
1409 in Burleigh County, North Dakota (Fig. 50). 
Intermediate Extensive Discontinuities 
Discontinuities that occurred in six or more wells and extended throughout three 
or more counties in the study area were considered intermediate extensive discontinuities. 
These include D4, D8, D19, Dl0, D14, and D15. 
Discontinuity 4 appears in the middle one-third of the Icebox Formation, above 
D2 (Fig. 39). D4 is restricted to 31 wells in the northwestern part of the study area (Fig. 
51 ). It reaches a maximum thickness of 20 ft in NDGS Well 10908 in Williams County, 
ND and in Well 2505505019 in McCone County, MT(Fig. 52). 
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Figure 44. Attribute map showing extent ofD3. The dark gray circles denote the wells in which D3 occurs. 
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Figure 45. Relationship between the core sample from depth 5,803 ft to 5,811 ft and 
digitized gamma-ray curve of discontinuity 3 in NDGS Well 207 
(from Continental Oil Company), SEl/4, SEl/4, Sec. 24, R73W, T146, 
Wells County, North Dakota. 
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Figure 47. Attribute map showing extent ofD5. The dark gray circles denote the wells in which D5 occurs. 
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Figure 48. Isopach map showing the thickness ofD5 (contour interval= 5 ft). The star indicates the location of the well where D5 is 
the thickest. 
'9" 
'9" 
/t. 
'9" 
-....} -t -
'9" 
0 lOOmi 
0 100km 
Figure 49. Attribute map showing extent ofD6. The dark gray circles denote the wells in which D6 occurs. 
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Figure 50. Isopach map showing the thickness ofD6 (contour interval= 5 ft). The star indicates the location of the well where D6 is 
the thickest. 
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Figure 51. Attribute map showing extent of D4. The dark gray circles denote the wells in which D4 occurs .... 
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Discontinuity 8 appears in 12 wells in extreme east-central North Dakota (Fig. 53) 
and reaches a maximum thickness of 23 ft in NDGS Well 673 in Stutsman County, ND. 
Discoirtinuity 19 is also restricted to extreme east-central North Dakota and occurs in 17 
wells (Fig. 54). D19 reaches a maximum thickness of 18 ft in NDGS Well 9922 in Steele 
County, North Dakota. 
Figure 55 shows the extent of discontinuities 10 and 14. Dl O reaches a maximum 
thickness of 12 ft in NDGS Well 642 in Wells County, ND and occurs in 8 wells in 
extreme east-central North Dakota. D14 occurs in 6 wells in east-central North Dakota 
and extends through four counties. It reaches a maximum thickness of 13 ft in NDGS 
Wells 672 and 670 in Stutsman County and in NDGS Well 8553 in Morton County, ND. 
Discontinuity 15 also reaches its maximum thickness of21 ft in NDGS Well 672 in 
Stutsman County, North Dakota. It occurs in 7 wells in east-central North Dakota (Fig. 
56). 
Minor Extensive Discontinuities 
Discontinuities that occur in at least three wells and extend through two or more 
counties were considered minor extensive discontinuities. These include D16, D29, D30, 
D9, andD18. 
The extent of discontinuities 9 and 18 are illustrated in Figure 57. Discontinuity 9 
reaches a maximum thickness of 13 ft in NDGS Well 632 in Benson County, ND. D9 is 
restricted"to northeastern North Dakota and occurs in three wells. Discontinuity 18 
occurs in four wells and is restricted to extreme east-central North Dakota. It reaches a 
maximum thickness of23 ft in NDGS Well 403 in Foster County, ND. 
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Figure 53. Attribute map showing extent ofD8. The dark gray circles denote the wells in which D8 occurs. 
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Figure 54. Attribute map showing extent ofD19. The dark gray circles denote the wells in which D19 occurs. 
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Figure 55. Attribute map showing extent ofD10 and D14. The dark gray circles denote the wells in which each discontinuity 
occurs. 
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Figure 56. Attribute map showing extent ofD15. The dark gray circles denote the wells in which D15 occurs. 
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Figure 57. Attribute map showing extent ofD9 and DI8. The dark gray circles denote the wells in which each discontinuity 
occurs. 
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Figure 58 shows the extent of discontinuities 16, 29, and 30. D29 and D30 each 
in three wells and are restricted to south-central North Dakota. D29 reaches a 
· :um thickness of 10 ft in NDGS Well 6322 in Adams County, ND. D30 reaches a 
·mum thickness of 45 ft in NDGS Well 6586 in Grant County, ND. Discontinuity 16 
sporadically in four wells throughout four counties in east-central North Dakota. 
It re ches a maximum thickness of 10 ft in NDGS Well 4340 in Barnes County and in 
S Well 735 in Sheridan County. 
Isolated Discontinuities 
Discontinuities that occur in a particular locality or appear to be restricted to a 
topo aphic structure were classified as isolated discontinuities. These include D7, Dl l, 
D20 D21, D22, D23, D32, and D36 (Pig. 59). 
Discontinuities 7 and 11 occur in the same three wells in Emmons County, 
d both reach their maximum thickness in NDGS Well 10173; however, D7 is also 
pres nt in one well in Dickey County. Discontinuity 7 has a maximum thickness of 19 ft, 
11 has a maximum thickness of 12 ft. Discontinuity 20 reaches a maximum 
ess of 14 ft in Well 2507905005 and is restricted to four wells: three in Prairie 
Co and one in Dawson County, MT. Two of the wells are located along the Cedar 
Anticline in Montana. Discontinuity 21 occurs in 6 wells, most of which are 
locat din Golden Valley County, ND. The exception is one well that is located in 
Bill" gs County. It reaches a maximum thickness of 18 ft in NDGS Well 9148. 
Disc ntinuities 22 and 23 occur in the same four wells in Stutsman County, ND, and both 
reach their maximum thicknesses in NDGS Well 7415. D22 has a maximum thickness of 
d D23 has a maximum thickness of 12 ft. Discontinuity 32 occurs in the upper 
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Figure 58. Attribute map showing extent ofD16, D29, and D30. The dark gray circles denote the wells in which each 
discontinuity occurs. 
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Figure 59. Attribute map showing locations of isolated discontinuities. The dark gray circles denote the wells in which each 
discontinuity occurs. 
one-third of the Icebox Formation (Fig. 60) and is present in 25 wells along the Nesson 
Anticline in North Dakota. D32 reaches a maximum thickness of 20 ft in NDGS Wells 
9217 and 12596 .in McKenzie County, ND. Discontinuity 36 is restricted to four wells in 
Grant County, ND. It reaches a maximum thickness of 8 ft in NDGS Wells 8680 and 
8549. 
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Figure 60. Digitized gamma-ray curve of NDGS Well 9217 
(from Amarex, Inc.), SEl/4, NWl/4, Sec. 3, R96W, 
Tl49N, McKenzie County, North Dakota illustrating 
D32 and other discontinuities within the Icebox Formation. 
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CHAPTER III 
DEPOSITIONAL INTERPRETATIONS 
Introduction 
. During the Ordovician Period, the present area of North America straddled the 
equator and was about 45 degrees clockwise from its present orientation. At this time, 
North America would have exhibited a tropical climate. North America and Baltica, the 
area of modem Europe, were engaged in a slow collision known as the Taconic orogeny. 
Major transgressions produced widespread, shallow, warm epicontinental seas that 
covered the craton. These major transgressions marked the deposition of the Tippecanoe 
sequence. 
Global Sea Level 
Changes in eustatic sea level can be divided into cycles, each cycle representing 
an interval of geologic time during which a relative rise and fall of mean sea level took 
place on a global scale (Vail et al, 1977). In 1963, Sloss characterized six major 
unconformities that were traceable in the sedimentary rock record of North America. He 
subdivided these large-scale, cratonic stratigraphic packages, bounded by unconformities, 
into the following sequences: the Sauk, the Tippecanoe, the Kaskaskia, the Absaroka, the 
Zuni, and the Tejas. These sequences are referred to as "supersequences" and are 
considered to be "second order cycles" since they span 10-100 million years. The most 
important sequence.in this study is the Tippecanoe Sequence because it ranges from 
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Middle Ordovician (Chazyan) to Early Devonian and marks the onset of major 
transgressions onto the North American continent. 
Witzke imd Bunker (1996) proposed a relative sea-level curve for the Middle 
Ordovician through Mississippian strata based on cores in Iowa. They separated Sloss' s 
Tippecanoe Sequence into two transgressive-regressive cycles (T-R cycles): Tippecanoe I 
and Tippecanoe II, each having 30-50 m.y. duration. They divided the Tippecanoe I 
strata (Middle to Upper Ordovician) into three large-scale depositional cycles: the St. 
Peter-Platteville, the Galena, and the Maquoketa (Fig. 61). All three were further 
subdivided into ''third order cycles" ranging from 1-3 m.y. in duration and were labeled I 
through 8 (Fig. 61 ). They further recognized small T-R cycles within each of the ''third 
order cycles" and designated them with letters (IA, IB, IC, and ID) (Fig. 61). They 
noted that the cyclC?S were dominated by regressive intervals and stated that they were 
"primarily characterized by shallowing-upward subtidal carbonate or mixed siliciclastic 
packages." They concluded that the ''third order cycles" in Iowa had estimated sea-level 
changes of 10 m-to 70-m, and that their proposed cycles could be recognized across Iowa 
and adjacent areas of the continental interior. Witzke and Bunker's global sea-level curve 
provides insight into the depositional history of the Icebox Formation in this study, 
especially to the interpretation of the proposed extensive discontinuities discussed later. 
Pre-Icebox Deposition 
Prior to the deposition of the Icebox Formation, an epeiric sea covered all of 
present day North Dakota Ellingson (1995) suggested that the transgression is first seen 
as the deposition of the Hawkeye Valley Member of the Black Island Formation in North 
Dakota He also suggested that the Ordovician sea had a discontinuous transgression, 
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rather than a gradual, continuous transgression, based on interpretations of intertonguing 
strata of the Garland Member and Icebox Formation. As discussed earlier, Ellingson 
separated the Black Island Formation into the lower Hawkeye Valley Member and the 
upper Garland Member based on well logs and core samples from North Dakota. 
Ellingson recognized a red-bed lithofacies in the lower part and a green quartz arenite 
lithofacies in the upper part of the Hawkeye Valley Member. He concluded that the red-
bed lithofacies represented a fluvial/deltaic environment. Ellingson suggested that the 
sediments were deltaic deposits from adjacent fluvial systems located to the north and 
east of North Dakota where the Deadwood Formation and Precambrian basement rocks 
were the sediment source. He concluded that the green quartz wacke lithofacies 
represented a nearshore marine or lagoonal environment and believed that the sediments 
were the initial deposits of the Ordovician sea. Ellingson also recognized a green quartz 
wacke Iithofacies within the lower portion of the Garland Member along with a quartz 
arenite lithofacies that occurred in the upper part of the Garland Member. He interpreted 
the green quartz· wacke lithofacies to be similar to the green quartz wacke lithofacies 
within the Hawkeye Valley Member and suggested that they had an intertonguing 
relationship. Ellingson separated the quartz arenite lithofacies into three lithotypes: a 
bioturbated quartz arenite, a structured quartz arenite, and a structureless quartz arenite. 
He stated that the structured quartz arenite lithotype was deposited in an active foreshore 
or nearshore environment based on sedimentary structures and good sorting. Ellingson 
interpreted the bioturbated quartz arenite to be deposited in a low-energy environment 
below normal wave base because of its lack of sedimentary structures and high degree of 
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bioturbation. He concluded that the Iithofacies within the Garland Member were 
deposited in a shallow marine environment. 
Ordovician Sea Connection 
Another factor to consider when interpreting the deposition of the Icebox 
Formation is how the Ordovician sea connected to North Dakota Carlson (1964) 
recognized a sandstone tongue and a limestone tongue within the shale of the Icebox 
Formation and connected them in cross-sections in eastern North Dakota He noted that 
the limestone tongues could be physically continuous with the Middle Ordovician strata 
of Minnesota, which suggested a southeasterly marine connection to North Dakota 
Based on isopach studies of the Tippecanoe, Gerhard et al (1982) proposed a 
southwesterly marine connection that extended through the present central Rockies, but 
stated that it could be "an artifact oflate erosional events". Thompson'(l984) also 
suggested a southeasterly marine connection similar to Carlson's in which the Ordovician 
sea transgressed through Minnesota into North Dakota He implied that the northeastern 
portion of the Transcontinental Arch had a break or sag. Thompson based this 
interpretation on evidence from his study of North Dakota, along with sandstone-shale 
ratio maps from Foster (1972) and kaolinite-illite ratio maps from Parham and Austin 
(1967). No sag or break within the Transcontinental Arch has yet been documented, but 
is considered in this study for purposes of interpretation only. 
Depositional History 
Based on marine invertebrates found in core samples from North Dakota, 
Thompson (1984) interpreted the Icebox Formation to have been deposited in an offshore 
marine environment adjacent to and just seaward from a nearshore marine environment. 
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He further suggested that the clayshale lithotype of the Icebox Formation in North 
Dakota was similar to "mud facies" off the coast of Oregon and muddy shelf sediments 
of the Jurassic epeiric sea. Thompson recognized three sandstone lithosomes within the 
Icebox Formation, all in different areas of North Dakota. He interpreted the sandstone 
lithosome in northwestern North Dakota (Divide County) to be deposited in a nearshore 
marine environment and suggested that it could be a tongue of the upper Garland 
Member of the Black Island Formation. He added that the sandstone lithosome in Grand 
Forks County was similar to the "Carman sandstone" in southern Manitoba since they 
both were composed of well-sorted, commonly argillaceous, friable sandstone. In 1959, 
Andrichuk recognized a long, narrow sandstone body within his Winnipeg ''upper unit" 
in the Carman area of southern Manitoba. Vigrass (1971) interpreted the "Carman 
sandstone" to be an offshore bar sand facies 100 km seaward from an inferred Icebox . 
shoreline. Thompson (1984) interpreted the sandstone lithosome in southwestern North 
Dakota to be a deltaic deposit where the sediment source was to the south. This 
conclusion was ,based on' the orientation of the lithosome along with the interbedded 
sandstone and shale within the lithosome. 
Kessler (1991) recognized three east-west trending sand bodies within the Icebox 
Formation: one in southern Manitoba, and two in North Dakota. He interpreted the 250 
km long, 40-100 km wide, and 31 m thick "Carman sandstone" in southern Manitoba to 
be an offshore bar, but suggested a more detailed depositional format for the Carman 
sand. Based on the sand body thickness data, Kessler suggested that the "Carman 
sandstone" was made up of 5 coalescing sand bodies instead of a single coherent feature. 
He also speculated that the sand within the "Carman sandstone" increased upward in 
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grain size based on core samples and well log interpretations. Kessler suggested that the 
Carman sand was a series of coalescing and shoaling-upward, mid-outer shelf ridges 
which formed in three stages. The first two stages consisted of fine- to medium-grained 
sands deposited by storm-driven geostrophic currents on the shelf. The third stage 
consisted of coarser-grained sands deposited by tidal channels (Fig. 62). Kessler also 
noticed two smaller elongate sand bodies similar in geometry to the Carman sand, one in 
Grand Forks County, and one in Walsh County, North Dakota. He suggested that the 
finer sands near the base of these sand bodies were ridge-margin and inter-ridge margin 
facies deposits, while the coarser sands near the top were central-ridge facies deposits. 
Kessler correlated the sand body in Grand Forks County with the "Carman sandstone" 
and stated that "they might both be part of a large northerly and westerly migrating 
system of upward shoaling shelf sand ridges. 
Formation of Extensive Discontinuities 
The depositional history of the Icebox Formation as interpreted in this study is 
based primarily on the isopach and attributes data, along with the stratigraphic position of 
each discontinuity. The cross-sections were useful in correlating the discontinuities; 
however, the gamma-ray responses of each discontinuity did not display any coarsening-
upward or fining-upward sequence within the Icebox Formation. The core samples from 
wells in North Dakota illustrated that coarser facies, mostly bioturbated silt and sand, 
exist within the shale of the Icebox Formation, although available cores that cut through 
the Icebox Formation were minimal. Examinations of core samples from wells in 
Montana might have been useful since the thickest discontinuities occurred in eastern 
Montana, but they were not easily obtainable for this study. Three hypotheses can be 
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Figure 62. Gamma-ray ofwell 16-13-5-12Wl in southern Manitoba illustrating the depositional environment interpretation 
For the Cannan sand as described by Kessler, 1991 (modified from Kessler, 1991). 
formulated to explain the extensive discontinuities within the Icebox Formation. The 
first interprets the Icebox Formation as having been deposited in an offshore marine 
environment in which the Ordovician sea was shallow and detrital sediment sources were 
distal to the study area. As discussed earlier, Thompson (1984) compared the 
depositional environment of the Icebox Formation to similar ''mud facies" off the coast of 
Oregon (Kulm et al, 1975) where the mud facies were located in an offshore 
environment, just seaward from sand facies of a nearshore environment. Kulm et al 
interpreted the sand facies off the coast of Oregon to extend seaward to water depths 
ranging from 50 m to 100 m. Based on this comparison, it is inferred in this study that the 
Ordovician sea ranged in depth from 50 m tolOO m during the deposition of the Icebox 
Formation. A second hypothesis interprets the Icebox Formation to have been deposited 
in an offshore marine environment that was below normal wave base adjacent to a 
nearshore, but where sea-level fluctuated, providing proximal detrital sediments into the 
study area. The fluctuation in sea level can be seen in Witzke and Bunker's sea-level 
curve of the Tippecanoe I T-R cycles (Middle-Upper Ordovician) (Fig. 61). As discussed 
earlier, Sweet (1982) interpreted the Icebox Formation to be Rocklandian and/or 
Kirkfieldian in age. Witzke and Bunker (1996) recognized two smaller-scale shallowing-
upward T-R cycles (4A and 4B, Fig. 61) within this same interval. The third hypothesis 
is a combination of the two mentioned above and interprets the Icebox Formation to be 
deposited in an offshore marine environment. In this hypothesis, detrital sediments were 
being supplied from distal sources and from sea-level fluctuations, wave-actions, or tides. 
The extensive discontinuities could have been formed in an offshore marine 
environment where detrital sediments, probably derived from Deadwood Formation 
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deposits and Precambrian rocks, were supplied from distal sources located around the 
study area (Fig. 63). This interpretation implies that the Ordovician sea was shallow 
(-50-75 m), probably with some topographically high areas, and that the sediment influx 
varied throughout Icebox Formation time. The variation in sediment influx could explain 
the discontinuity distributions classified in this study as major, intermediate, and minor. 
One of the most likely sediment sources is the Canadian Shield to the north of the study 
area. Detrital sediments from the Canadian Shield could have been transported and 
deposited in northern and northeastern North Dakota throughout the deposition of the 
Icebox Formation. Extensive discontinuities recognized in the southern portion of the 
study area could form from remnants of a deltaic source south of the study area. 
Thompson (1984) and LeFever et al (1987) recognized a sandstone lithosome in south-
central North Dakota and interpreted the sand body to be a deltaic source based on well 
log responses that indicated an interbedded sandstone and shale unit. Based on their 
interpretations, and the results from this study, sediments from a southern source could 
have been transported and deposited in the southern and southwestern part of the study 
area throughout the deposition of the Icebox Formation. Overall, this hypothesis suggests 
that the extensive discontinuities that occur within the Icebox Formation could have 
originated from distal sources and been dispersed throughout North Dakota and eastern 
Montana. This interpretation does not explain the thick, extensive discontinuities that 
occur in the northwestern part of the study area. 
A more speculative hypothesis interprets the Icebox Formation as having been 
deposited in an offshore marine environment that was below normal wave base adjacent 
to a nearshore marine environment, where the main controlling factor of sediment 
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Figure 63. Idealized map illustrating sources supplying sediment into the study area. 
The study area is denoted by cross-hatched lines. 
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deposition was sea-level fluctuation. This intetpretation infers a southeasterly marine 
connection into the study area, where a sag or break in the Transcontinental Arch was 
present, along with a conjectured shoreline for the Ordovician sea (Fig.·64). It is based 
primarily on the isopach maps of the major extensive discontinuities within the Icebox 
Formation and their relative stratigraphic positions (Fig. 65-66). As discussed earlier, 
these major extensive discontinuities included Dl, D2, D3, DS, and D6. 
North Dakota was covered by the Ordovician sea before deposition of the Icebox 
Formation began. Vigrass (1971) placed the paleoshoreline in central Saskatchewan and 
Manitoba. This study uses Vigrass's conjectured shoreline but extends it further around 
eastern Montana (Fig. 64). Discontinuity 3, stratigraphically near the base of the Icebox 
Formation, covers the entire study area with its thickest intervals in eastern Montana. 
Detrital sediments, probably reworked Deadwood deposits and Precambrian rocks, could 
have been deposited from the paleoshoreline in a southeasterly direction where minor 
sea- level fluctuations, wave actions, or tides could have dispersed the sediments 
throughout the study area. As time progressed, the sea could have become deeper (-75-
100 m) except in the northwestern part of the study area where sediments were still being 
transported and deposited from the paleoshoreline or adjacent nearshore environment. 
These deposits could represent the major extensive discontinuity 2 and the intermediate 
discontinuity 4, both stratigraphically occurring near the middle one-third of the Icebox 
Formation. Through the middle part oflcebox Formation time, the paleoshoreline could 
have prograded in a northwesterly direction due to a rise in sea-level. During this time 
there was no input of detrital sediment, and eastern Montana and North Dakota were 
inundated by a deeper Ordovician sea. By the time of the upper one-third of the Icebox 
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the progression of sediment input through Icebox Formation time due to the 
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Formation was deposited, sea-level could have regressed causing the paleoshoreline to 
aggrade southeasterly towards its original position. Once again, detrital sediments could 
have been transported and deposited in the western part of the study area by shoreline 
processes. These deposits could represent discontinuity 5, located in the upper one-third 
of the Icebox Formation. The Ordovician sea was probably deeper in the eastern half of 
the study area. By the time discontinuity 1 was deposited, stratigraphically nearer the top 
of the Icebox Formation, the shoreline could have regressed to its original inferred 
position, and sediment input would have been similar to that which resulted in 
discontinuity 3. This process of a minor transgression and regression within the 
deposition of the Icebox Formation seems plausible based on the isopach contours, 
except that it neglects major extensive discontinuity 6. D6 stratigraphically occurs just 
above D5 and covers most of the central part of the study area. The isopach contours for 
discontinuity 6 show no relation with the discontinuities mentioned in the above 
interpretation. Since this is the case, detrital sediments could not have been deposited 
primarily into the study area from the paleoshoreline. 
A more reasonable hypothesis based on the data collected in this study interprets 
the Icebox Formation to have been deposited in an offshore marine environment where 
detrital sediments were deposited from distal sources around the study area and from the 
paleoshoreline (Fig. 67). This interpretation suggest that the extensive discontinuities in 
northern and northeastern North Dakota could be composed of deposits from the 
Canadian Shield, while deltaic sediments from the south may well be the sediment source 
for the extensive discontinuities in southern North Dakota. The thicker discontinuities in 
the northwestern part of the study area could have been nearshore deposits transported in 
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a southeasterly direction from the paleoshoreline by minor fluctuations in sea-level, wave 
actions, or tides. This interpretation infers that sea-level fluctuated within the shallow 
Ordovician sea, and sediment input from the Canadian Shield· and southern delta varied 
through Icebox Formation time. 
Formation of Isolated Discontinuities 
The isolated discontinuities proposed in this study include D32, D22, D23, D7, 
Dl l, D20, D21, and D36. Stratigraphically, they all occur between the major extensive 
discontinuities (Fig. 38). These isolated discontinuities may be the result of sediments 
deposited on local topographic highs. The sediments being deposited were probably 
derived from Deadwood deposits and possibly Precambrian rocks as well. This 
interpretation infers that the Ordovician sea could have been deeper relative to sea-level 
during the deposition of the extensive discontinuities, but still shallow enough for 
sediments to be deposited. This can be seen on the isolated attribute map (Fig. 59) where 
discontinuities are restricted to topographic highs. 
The most prevalent isolated discontinuity in this study was D32, which occurred 
along what is presently known as the Nesson anticline. The Nesson anticline was 
originally identified by a U.S. Geological Survey field party mapping lignite beds in the 
Ray Quadrangle in 1917 (LeFever et al, 1987). It is approximately a 110-mile long 
north-south trending structure extending just south of the Canadian border to the Killdeer 
Mountains in west-central North Dakota (LeFever et al, 1987). Gerhard et al (1982) 
suggested that the Nesson anticline was initiated in the Precambrian based on upper 
Deadwood deposits that onlap the top of the structure. Based on isopach and structure 
maps of the Sauk Sequence, Gerhard et al (1987) again suggested that the Nesson 
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Anticline was a structural active feature during the Precambrian. He also states that 
"several subsidiary elements of the Nesson Anticline were active during the Tippecanoe 
., 
sedimentation". This implies that the Nesson Anticline was a topographical high feature 
during the deposition of the Icebox Formation. Detrital sediments could have been 
deposited on this topographic feature during Icebox Formation time representing 
discontinuity 32. 
Isolated discontinuities 22 and 23 are located in Stutsman County, North Dakota. 
These discontinuities could have been a result of the Stutsman High recognized by 
Ballard in 1963. The Stutsman High occurs in central Stutsman County about 6 miles 
west of Jamestown. Ballard suggested that the maximum structural relief of this high 
was 110 ft during Deadwood Formation time and existed until the Bottineau interval of 
the Madison Group (Mississippian). He believed that the Stutsman High and other 
eastern flank highs were caused by renewed movement along old structural zones in the 
Precambrian basement. 
Ballard also recognized the Burleigh High in central Burleigh County, North 
Dakota He described this elongate north-south feature as being 20-to 30-ft high and 
extending into Emmons, Sheridan, and Wells Counties during various geologic times. If 
the Burleigh High existed during Icebox Formation time, this could explain isolated 
discontinuities 7 and 11. D7 and D 11 both occur in Emmons County, North Dakota and 
could be sediments deposited on the Burleigh High. 
Isolated discontinuities 20, 21, and 36 could also be a result of topographically 
high areas, but there is no evidence in this study that supports this interpretation. 
Discontinuity 20 occurs in 4 wells in Prairie County, Montana. Two of these wells in 
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which D20 occurs within the Icebox Formation are located on the present day Cedar 
Creek anticline. Clement (1985) described this feature to be a pronounced fold 
developed through a geologic history of recurrent tectonic movements along a northwest-
southwest-striking fault zone. He only documents four major periods of tectonism from 
Post-Silurian to Post-Paleocene. Therefore, detrital sedimentation during the Ordovician 
Icebox Formation could not have resulted from movement of the Cedar Creek anticline. 
Discontinuity 21 occurs in 5 wells in Golden Valley, North Dakota, and discontinuity 36 
· occurs in 4 wells in Grant County, North Dakota. No known structural highs exist in 
these counties; however, it is possible that small-scale high areas existed here during 
Ordovician time. 
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CHAPTER IV 
CONCLUSION 
1) Traceable discontinuities exist within the Icebox Formation of the 
Winnipeg Group throughout the subsurface of North Dakota and eastern Montana. The 
discontinuities represent a coarser facies within the Icebox Formation shale, probably 
bioturbated sand and silt, as seen in North Dakota cores and digitized wireline logs. 
2) Discontinuities are mappable on both large and small scales as illustrated by 
the isopach and attribute maps such as major, intermediate, and minor discontinuities. 
The discontinuities can also be clearly correlated and distinguished from each other as 
seen in the cross-sections and fence diagrams. 
3) During the deposition of the Icebox Formation, the study area was covered 
by a warm, shallow, epicontinental sea and probably represented an offshore marine 
environment that was below normal wave base adjacent to a nearshore marine 
environment in the northwestern part of the study area. The extensive discontinuities 
could represent detrital sediments, probably from Deadwood deposits or reworked 
Precambrian rocks, which were deposited from distal sources such as the Canadian 
Shield and a southern deltaic source. Major, intermediate, and minor discontinuities 
indicate that the rate of sediment input varied throughout Icebox Formation time. The 
thick extensive discontinuities in the northwestern part of the study area could be 
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sediment deposits from a paleoshoreline along which sea-level fluctuated throughout the 
deposition of the Icebox Formation. 
4) The sediments comprising the isolated discontinuities were probably deposited 
on topographically high areas where the Ordovician sea was deeper relative to sea-level 
during the deposition of the extensive discontinuities, but still shallow enough for 
sediments to be deposited. These topographically high features include the Nesson 
anticline, the Stutsman high, and the Burleigh high, along with other high relief areas that 
are suggested but cannot be verified in this study. 
5) The thickest discontinuities occurred in eastern Montana, but no cores were 
easily obtainable from that area to correlate with well logs in this study. A suggestion for 
future work would be to describe the well cores from this area of Montana The addition 
of these Montana core descriptions, coupled with the results from this study, could 
provide better insight into the depositional history of the Icebox Formation, especially as 
it pertains to the major extensive discontinuities. 
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API Red River Rough lock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
2508521406 12120 12575 12752 
2508521543 10566 10902 11068 
2509105059 10170 10335 10516 10516 
2509105063 9937 10119 
2509105095 9763 10076 10261 
2509105104 10054 10253 
2509105112 9585 9881 
2509105120 9768 9934 
2509105123 9969 10161 
2509105134 9434 9740 
2509105139 9674 9969 
2509105197 9958 10155 
2509105290 10998 11383 11534 
2509121004 10974 11375 11537 11620 12180 
2509121077 11159 11562 11737 
2509121107 11106 11511 
2509121161 9592 9929 
2509121246 11171 11600 
2509121250 10986 11376 11528 11611 11850 
2509121258 11157 11582 11747 11850 
2509121446 10434 10832 
2509121456 10611 10824 
2509121492 11679 12104 12278 
2509121494 10462 10825 10990 
2510905018 8851 9321 9480 9480 10395 
2510905125 10624 11108 11284 11284. 
2510905150 10995 11461 11670 
2510921024 10634 11112 11271 
2510921029 11450 11907 12079 
2510921039 10964 11415 11586 
2510921047 11162 11597 11761 11800 
2510921053 11604 12051 12212 
3300100006 8271 8790 8988 8990 9400 
3300100009 9077 9601 9777 9777 
3300300004 1622 1656 1915 1928 1945 
3300500004 4304 4824 5056 5090 5142 
3300700001 12224 12734 12927 12959 
3300700006 13118 13697 13871 
3300700054 11919 12418 12594 12631 13509 
3300700221 13480 14070 14279 14359 15265 
3300700230 12783 13363 13517 13569 14224 
3300700323 14037 14216 14272 
3300700433 13463 14062 14228 14278 
3300700505 13419 14011 14188 14236 
3300700590 12820 13392 13557 13603 14389 
3300700642 12939 13532 13690 13739 
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API Red River Rough lock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3300700693 12551 13021 13173 13227 
3300700715 13375 13553 13598 
3300700769 12657 13186 13360 13401 
3300900002 7255 7797 7967 8050 8246 
3300900004 5664 6169 6353 6382 6424 
3300901010 5953 6432 6591 6602 6602 
3300901034 7325 7860 8046 8118 
3300901045 6662 7192 7351 7428 7553 
3300901087 5569 6085 6255 6305 6360 
3300901554 5758 6296 6467 6510 6604 
3301100042 9159 9658 9800 9800 
3301100045 8203 8661 8839 8839 
3301100382 10132 10619 10797 10797 
3301100387 9150 9610 9783 9783 
3301300869 9864 10386 10549 10673 10878 
3301301316 11223 11711 11888 11892 12474 
3301500004 5081 5602 5868 5882 6144 
3301500005 5781 6316 6576 6596 6858 
3301500006 5405 5981 6207 6218 
3301500007 5027 5555 5820 5833 
3301500008 5316 5843 6109 6123 
3301500009 6050 6629 6866 6872 
3301500010 5877 6438 6690 6710 
3301500011 6365 6936 7188 7204 
3301500014 5711 6285 6509 6528 
3301500032 5274 58.41 6073 6092 6300 
3301500042 5672 6242 6468 6478 6758 
3301500043 5625 6178 6426 6445 6700 
3301500046 6873 7494 7696 7772 
3302100001 1531 1575 
3302300008 10842 11271 11485 
3302300010 11143 11556 11741 
3302300024 10402 10772 10972 
3302300167 11126 11606 11790 11908 12350 
3302300171 10550 11021 11189 11300 11783 
3302300177 10600 11054 11230 
3302300181 12229 12718 12907 13062 13616 
3302300189 10842 11279 11439 
3302300193 12030 12550 12721 
3302300210 10750 11169 11343 11430 
3302300211 10676 11137 11306 
3302300212 10748 11164 11341 
3302300216 10503 10903 11084 
3302300221 10542 10986 11171 11264 
3302300224 10436 10866 11053 11148 
3302500069 13251 13860 14060 14185 
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API Red River Rough lock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3302500079 12610 13225 13395 13440 
3302500120 12440 13050 13232 13280 
3302500155 11881 12523 12704 12805 
3302500156 12983 13625 13819 13913 
3302500164 13482 14111 14311 14426 
3302500195 12852 13473 13687 13812 
3302500211 12804 13385 13588 13628 
3302500213 12783 13398 13597 
3302500227 12859 13492 13688 13796 
3302500232 13408 14034 14238 14377 
3302500245 12771 13407 13604 13677 
3302500267 12351 12968 13162 13275 
3302500269 13130 13738 13957 14071 
3302500274 12468 13092 13293 13416 
3302500310 13168 13790 14002 14103 
3302500325 13787 14362 14592 14701 
3302500358 13423 14052 14263 14383 
3302500387 12111 12722 12928 13002 
3302500388 11652 12252 12448 12498 
3302500408 12291 12916 13119 13221 
3302500438 12734 13311 13509 
3302700002 3001 3486 3753 3783 3858 
3302700009 2852 3357 3602 3650 3710 
3302900018 4321 4845 5082 5090 5394 
3302900019 4516 5043 5302 5315 5592 
3302900021 · 4480 5003 5271 5282 
3302900027 4741 5271 5528 5540 
3303100002 2294 2768 3041 3054 3106 
3303100005 2821 3299 3560 3560 3560 
3303300001 12403 12955 13121 13158 
3303300002 11710 12229 12382 12414 
3303300044 10455 10901 11080 11080 11502 
3303300050 11815 12327 12484 12520 
3303300053 11425 11927 12087 12118 
3303300080 11849 12383 12524 
3303300085 11581 12091 12247 
3303300102 12231 12734 12935 12988 
3303300120 11345 11824 12009 12038 
3303300129 11724 12242 12400 
3303700020 7101 7679 7902 7902 
3303700021 7399 7979 8190 8190 
3303700022 9049 9621 9848 9848 10424 
3303700023 9517 10114 10318 10328 10960 
3303700024 8119 8691 8906 8904 9438 
3303700025 7504 8062 8278 8283 8817 
3303900004 1962 2446 2712 2722 2773 
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API Red River Rough lock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3304100015 9419 9968 10168 10168 10725 
3304100020 9993 10526 10709 10707 11193 
3304100027 10387 10954 11149 11149 
3304100032 10665 11215 11414 11435 
3304300005 5026 5550 
3304500003 2086 2352 
3304500005 2582 3006 
3304700002 4313 4786 5042 5095 
3304700004 3573 4067 4319 4351 4550 
3304700020 4240 4763 4970 5010 
3304900125 6317 6847 7056 7108 
3304900127 7688 8268 8470 8540 
3304900151 6367 6923 7095 
3305300078 12769 13249 13462 
3305300410 13112 13676 13966 14224 15120 
3305300449 12932 13458 13731 
3305300659 13258 13753 13960 
3305300688 13519 14127 14348 14610 
3305300734 12757 13253 13455 13505 14360 
3305300739 12790 13271 13475 13550 
3305300759 13391 13900 
3305300842 13459 13961 14161 
3305300946 13921 14450 14683 14740 
3305301024 13755 14342 14535 
3305301055 13770 14405 14613 14848 
3305301056 13706 14335 14543 
3305301066 12932 13564 13772 14032 
3305301071 13820 14348 14535 14653 
3305301140 13961 14502 14734 14860 
3305301167 12959 13536 13761 14008 
3305301187 13730 14354 14566 14804 
3305301190 13539 14156 14360 14622 
3305301191 14129 14694 14904 
3305301202 14300 14842 15077 15225 
3305301211 13435 13940 14150 14243 
3305301220 13638 14175 14359 14443 14947 
3305301221 12846 13370 13560 13628 
3305301245 13312 13855 14017 
3305301254 13650 14190 14371 14434 
3305301256 12791 13298 13489 13560 14420 
3305301273 13948 14520 
3305301294 13025 13545 13761 13848 
3305301334 14410 14955 15191 
3305301341 13685 14270 14490 14564 
3305301358 13146 13651 13866 13950 
3305301416 13939 14479 14698 14801 
113 
API Red River Roughlock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3305301417 13091 13647 13844 
3305301418 13458 13969 
3305301454 14000 14621 14834 15032 
3305301623 13180 13671 13889 13943 
3305301634 13803 14362 14606 
3305301937 13691 14312 14520 14772 
3305302077 12909 13434 13643 13713 
3305302224 14051 14647 14888 15098 
3305302267 13419 14025 14274 14446 
3305302268 13976 14555 14798 14895 
3305302293 13617 14187 14365 14430 
3305302302 13853 14437 14682 14782 
3305302397 13142 13777 13983 14063 
3305500003 8002 8567 8774 8865 
3305500024 12574 13181 13411 13578 
3305500025 12207 12829 13042 13190 
3305500034 7725 8310 8533 8573 8843 
3305500035 7492 8084 8310 8356 8659 
3305500038 7735 8298 8528 8610 8784 
3305700024 11506 12121 12327 12390 
3305700025 12122 12732 12948 13056 
3305900007 10346 10935 11167 11183 
3305900009 6927 7519 7743 7743 8194 
3305900026 9860 10462 10677 10713 11340 
3305900027 8498 9114 9316 9323 
3305900029 8930 9521 9733 9733 10172 
3305900031 8575 9162 9334 9334 9691 
3305900032 7152 7723 7959 7972 
3305900034 7732 8313 8542 8542 8859 
3306100218 11950 12551 12752 12901 13421 
3306100220 11631 12224 12431 12584 13177 
3306100282 12903 13468 13671 13878 
3306100378 12840 13399 13602 
3306100471 12035 12660 12854 13005 
3306300010 2119 2615 2870 2882 2905 
3306300015 2199 2486 2727 2745 2745 
3306500014 7751 8322 8555 8568 
3306900004 3844 4338 4561 4585 4585 
3306900010 4195 4706 4918 4970 4994 
3306900022 5128 5656 5887 5940 
3306900031 4968 5511 5729 5782 5850 
3306900043 4678 5157 5337 
3307100002 2949 3454 3688 3705 3740 
3307100004 2540 3012 3247 
3307100005 2457 2962 3212 3226 3275 
3307100007 2608 3113 3320 3320 3320 
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API Red River Roughlock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3307100008 2459 2936 3194 3194 3194 
3307100029 2230 2745 2944 2978 2978 
3307500730 8435 8918 9045 9050 9066 
3307500737 8592 9063 9273 9290 9515 
3307500744 8709 9219 9385 9410 9556 
3307500750 8505 8997 9143 9200 9200 
3307500753 8780 9314 9478 9574 9829 
3307500763 8340 8876 9038 9131 9310 
3307500766 8365 8894 9050 9144 9261 
3307500769 8440 8912 9061 9061 9064 
3307500798 9161 9702 9874 9982 10122 
3307900002 4188 4701 4889 4920 4940 
3307900051 4536 5064 5259 
3308300002 5961 6525 6737 6754 
3308300003 5549 6075 6329 6344 
3308300004 6273 6851 7086 7113 
3308300005 5505 6040 6294 6308 
3308300014 6216 6808 7011 7044 7233 
3308500001 5060 5597 5827 5835 
3308500005 6473 7003 
3308700104 11007 11551 11742 11753 
3308700108 11386 11942 12132 12132 
3308700120 10846 11404 11592 11592 
3308900215 11861 12414 12612 12642 
3308900242 11553 12151 12342 12390 
3308900246 10571 11162 11360 11384 12151 
3308900249 11891 12492 12674 12712 
3308900253 10344 10941 11142 11152 
3308900256 10972 11592 11772 11807 
3308900259 10426 11037 11234 
3308900261 11111 11722 11913 11944 
3308900262 10972 11573 11774 11808 
3308900264 11831 12425 12598 12630 
3308900265 11284 11886 12086 
3308900266 10878 11477 11694 11706 
3308900270 10800 11426 11601 11630 
3308900274 11698 12301 12487 12530 
3308900279 11749 12314 12496 12508 
3308900284 11014 11618 11817 
3308900306 10134 10720 10910 
3308900313 11708 12188 12372 12410 
3308900397 12012 12615 12777 
3309100007 1051 1135 1306 
3309300009 2817 3318 3592 3592 3695 
3309300010 3175 3691 3960 3960 4100 
3309300011 2941 3443 3700 3700 3700 
115 
API Red River Rough lock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3309300012 3060 3567 3834 3834 3988 
3309300013 3004 3504 3764 3764 3988 
3309300014 2901 3400 3678 · 3678 3678 
3309300021 3018 3499 3753 3775 3858 
3309300022 2251 2735 3008 3025 
3309500006 3697 4214 4398 4427 4427 
3310100005 9294 9882 10073 
3310100006 10081 10668 10879 10980 
3310100235 10917 11514 11703 11842 12317' 
3310100319 7779 8362 8540 8633 
3310300001 5033 5582 5823 5823 6020 
3310300006 4226 4740 5007 5022 5180 
3310300008 4196 4708 4979 5007 
3310300009 4407 4912 5193 
3310300010 3511 4036 4283 4300 4380 
3310300022 3706 4223 4479 
3310300023 4170 4713 4938 4977 
3310300024 3951 4498 4737 4763 
3310300025 4050 4576 4821 4851 
3310500005 12819 13366 13562 
3310500495 12693 13199 13386 13587 13587 
3310500518 13145 13713 13922 14170 14795 
3310500519 12665 13214 13426 13669 
3310500529 12918 13485 13684 13928 
3310500655 12924 13517 13723 13982 14537 
3310500666 12735 13290 13473 13706 14284 
3310500682 12770 13231 13424 13532 14279 
3310500686 12727 13275 13488 13710 
3310500696 12879 13451 13654 13869 
3310500743 12800 13362 13577 
3310500746 12706 13257 13448 
3310500753 13309 13907 14137 14379 
3310500768 13240 13791 13974 14120 
3310500798 12943 13544 13757 14025 
3310500853 12561 13066 13235 13311 
3310500868 13972 14570 14762 
3310500901 11855 12280 12461 12573 
3310500930 13931 14493 14677 
3310500934 12287 12799 12974 
3310500975 12069 12552 12728 
33.10501044 13275 13836 14018 14185 
3310501082 12983 13505 
3310501121 13128 13614 13805 
3310501273 12750 13310 13507 
3310501291 12562 13081 13251 
3310501321 12563 13082 13253 13480 
116 
API Red River Rough lock Black Island Deadwood 
Number Fm. Fm. Fm. Fm. Precambrian 
3310501324 13014 13565 13744 13977 
3310501340 12718 13264 13448 13688 
3310501369 12922 13443 13645 
3310501389 12968 13517 13699 13932 
3310501397 13132 13696 13924 14028 
3310501411 12699 13248 13455 13603 
3310501423 12824 13359 13558 13741 
117 
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AppendixB 
Major Extensive Discontinuity Top Depths 
API Number D1 D2 03 D5 D6 
2501121279 9429 9501 9443 
2501921017 9954 
2502105045 9314 
2502105049 10744 10686 
2502105097 10176 10189 
2502105124 9968 10045 10074 9994 
2502105163 11394 
2502121057 11098 
2502121062 11091 11180 11129 
2502121082 12283 12382 12306 12293 
2502121089 10763 10869 10795 
2502505088 10127 
2502505162 10120 10154 
2502505420 9616 
2502505535 10544 
2505505019 10001 
2507905005 10132 10169 
2507905025 9499 9607 9529 
2508305016 11902 12009 11925 
2508321005 12855 12948 12884 
2508321015 12992 13088 13028 
2508321201 12681 12797 12722 12692 
2508321244 12345 12451 12380 12358 
2508321262 12446 . 12551 12457 
2508321320 12129 12232 12153 12136 
2508321402 13062 13157 13097 
2508321417 12300 
2508321516 12769 12874 12801 12779 
2508321609 11841 . 11935 11865 11847 
2508521081 12243 12322 12352 12258 
2508521219 9661 9723 9763 9675 
2508521352 13299 13388 13415 13319 
2508521404 13125 13146 
2508521406 12623 12715 12744 12649 
2508521543 10934 11014 11050 10950 
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API Number D1 D2 D3 05 D6 
2509105059 10453 10395 
2509105063 10146 
2509105095 10115 10188 10134 
2509105112 9929 
2509105123 10212 
2509105139 9997 10013 
2509105290 11420 11481 11515 11443 
2509121004 11410 11491 11515 11427 11417 
2509121246 11645 
2509121250 11413 11480 11514 11430 
2509121258 11626 11714 11734 11642 
2509121456 10857 
2509121492 12159 12242 12266 12175 
2509121494 10877 10939 10971 10900 
2510905018 9370 9468 
2510905125 11161 11269 11194 
2510905150 11536 11647 11573 
2510921024 11176 11201 
2510921029 11972 12064 12003 11985 
2510921039 11478 11575 11515 
2510921047 11654 11750 11686 11665 
2510921053 12101 12204 12137 12111 
3300100006 8857 8980 
3300100009 9675 9771 9691 
3300300004 1892 1763 
3300500004 4925 
3300700001 12901 12836 
3300700006 13836 13850 13798 13784 
3300700054 12488 12577 12512 
3300700221 14148 14185 
3300700230 13479 13497 13430 
3300700323 14088 14196 14123 14113 
3300700433 14108 14210 14137 14128 
3300700505 14065 14168 14094 14084 
3300700590 13441 13521 13536 13469 13454 
3300700642 13572 13652 13668 13601 13588 
3300700693 13059 13136 13154 13101 13086 
3300700715 13447 13536 13470 13454 
3300700769 13253 13344 13276 
3300900002 7952 
3300901045 7334 
3300901087 6239 
3300901554 6451 
3301100042 9713 9722 
3301100382 10690 10777 
3301100387 9686 9699 
3301300869 10520 10532 
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API Number D1 D2 D3 D5 D6 
3301301316 11762 11852 11876 
3301500006 6167 6070 
3301500007 5645 5794 5670 
3301500008 5920 6088 5939 
3301500009 6731 
3301500010 6661 6545 
3301500011 7024 7163 
3301500014 6368 
3301500032 5903 6052 5936 
3301500042 6287 6449 6307 
3301500043 6401 
3301500046 7547 7674 7571 
3302100001 1640 
3302300008 11437 
3302300010 11691 11724 
3302300024 10922 10949 
3302300167 11667 11748 11783 
3302300171 11067 11148 11181 
3302300177 11113 11183 11222 
3302300181 12769 12864 
3302300189 11319 11394 11426 
3302300193 12597 12684 12707 
3302300210 11218 11297 11330 11234 
3302300211 11262 11294 11191 
3302300212 11214 11292 11329 11235 
3302300216 10954 11032 11068 10979 
3302300221 11123 11157 11054 
3302300224 10932 11009 11041 10941 
3302500069 13927 13964 13940 
3302500079 13280 13379 13307 
3302500120 13118 13219 13145 
3302500155 12574 12686 12614 12587 
3302500156 13680 13801 13719 13701 
3302500164 14174 14213 14192 
3302500195 13546 13666 13594 13566 
3302500211 13464 13573 13497 13480 
3302500213 13466 13581 13505 13483 
3302500227 13546 13659 13589 13558 
3302500232 14100 14217 14138 14111 
3302500245 13463 · 
3302500267 13036 13150 13083 13052 
3302500269 13820 13831 
11 
3302500274 13161 13275 13205 13175 
I 3302500310 13863 
3302500325 14448 14545 14568 14490 
3302500358 14122 14242 14135 
3302500387 12800 12910 
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API Number D1 D2 D3 D5 D6 
3302500388 12328 12433 12343 
3302500408 12988 13102 13034 13002 
3302500438 13386 13493 13419 13401 
3302700002 3721 3614 
3302700009 3587 
3302900018 4907 5064 4925 
3302900019 5110 5283 
3302900021 5081 5251 
3302900027 5335 5508 5371 
3303100005 3511 
3303300001 13008 13087 13025 
3303300002 12275 12301 
3303300044 10970 11035 11067 10996 
3303300050 12406 
3303300053 11982 12069 12013 
3303300080 12413 12506 12448 
3303300085 12129 12214 12227 12171 12146 
3303300102 12801 12894 12847 12817 
3303300120 11904 11990 11934 
3303300129 12294 12382 12322 
3303700020 7749 7886 7769 
3303700021 8033 8172 8057 
3303700022 9691 9838 
3303700023 10191 10304 10217 10198 
3303700024 8760 8892 
3303700025 8132 8270 8184 8154 
3303900004 2686 
3304100015 10031 
3304100020 10592 10691 
3304100027 11018 11143 11061 
3304100032 11296 11313 
3304500003 2423 
3304500005 3080 
3304700002 4884 5031 
3304700004 4139 4309 
3304700020 4825 
3304900127 8326 8436 8453 
3304900151 7085 
3305300078 13317 13359 13337 
3305300659 13824 · 13922 13867 13841 
3305300688 14317 14238 
3305300734 13332 
3305300739 13342 13354 
3305300842 14034 14126 14154 14072 14040 
3305300946 14539 14640 14658 14584 14565 
3305301024 14398 14494 14513 14438 14407 
3305301055 14461 14581 14591 14498 
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API Number 01 02 03 05 06 
3305301056 14394 14511 14523 14431 
3305301066 13738 13752 13655 
3305301071 14393 14499 14519 14443 
3305301140 14585 14694 14716 14632 14614 
3305301167 13598 13716 13740 13634 
3305301187 14405 14535 14549 14456 
3305301190 14330 14343 14248 
3305301191 14863 14886 14802 
3305301202 14918 15042 15057 14970 
3305301211 14009 14109 14130 14054 
3305301220 14221 14329 14270 
3305301221 13417 13523 13540 13463 13447 
3305301245 13883 13982 14013 13926 13895 
3305301254 14235 14342 14279 14262 
3305301256 13349 13459 13476 13397 13369 
3305301273 14563 
3305301294 13626 13723 13739 13670 13637 
3305301334 15034 15155 15170 
3305301341 14347 14449 14466 14388 
3305301358 13721 13828 13844 13766 13745 
3305301416 14543 14648 14676 14589 
3305301417 13716 13811 13824 13754 
3305301418 14028 14131 14161 14067 14042 
3305301454 14678 14799 14734 
3305301623 13748 13861 13874 13795 13771 
3305301634 14441 14569 14585 14495 
3305301937 14486 14500 14408 
3305302077 13511 13607 13621 13550 13523 
3305302224 14742 14856 14779 
3305302267 14242 14254 14163 
3305302268 14638 14761 14787 14693 
3305302293 14223 14326 14344 14273 14238 
3305302302 14515 14650 14661 14571 
3305302397 13821 13952 13961 13872 
3305500024 13265 13387 13285 
3305500025 12897 13023 12947 12921 
3305500034 8501 8403 
3305500035 8161 8288 8188 
3305500038 8369 8508 8398 
3305700024 12201 . 12310 12247 12214 
3305700025 12810 12931 12857 12832 
3305900009 7577 7727 7594 
3305900026 10549 10662 10566 
3305900027 9179 9211 9189 
3305900029 9592 9719 9638 9603 
3305900031 9216 9325 9247 9224 
3305900032 7803 7943 7850 7828 
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API Number D1 D2 D3 05 06 
3305900034 8528 8431 
3306100218 12613 12739 12637 
3306100220 12289 12412 
3306100282 13544 13644 13657 
3306100378 13469 13565 13585 
3306100471 12833 
3306300010 2681 2830 2714 
3306300015 2542 2687 2564 
3306500014 8536 8435 
3306900010 4909 
3306900022 5724 
3306900031 5602 
3306900043 5225 5318 
3307100002 3574 
3307100029 2816 2919 2936. 
3307500744 9275 9357 
3307500750 9039 9130 
3307500753 9366 9452 
3307500763 9025 
3307500766 9031 
3307500798 9761 
3307900051 5113 5239 
3308300002 6591 6712 6604 
3308300003 6298 6199 
3308300004 6929 7061 6956 
3308300005 6264 6159 
3308300014 7001 6898 
3308500005 7065 7117 7082 
3308700104 11626 11735 11658 
3308700108 11995 12114 12028 
3308700120 11464 11582 11498 
3308900215 12508 12594 12530 
3308900242 12222 12330 12258 
3308900246 11346 
3308900249 12564 12659 12575 
3308900253 11112 
3308900256 11759 
3308900259 11111 11212 11128 
3308900261 11899 
3308900262 11664 11759 
3308900264 12491 12585 
3308900265 11976 12068 
3308900266 11554 11662 11571 
3308900270 11475 11587 11494 
3308900274 12358 12466 12378 
3308900279 12371 12481 12402 
3308900284 11694 11800 11708 
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API Number D1 02 D3 05 06 
3308900397 12671 12762 12695 
3309100007 1287 
3309300009 3389 
3309300010 3767 
3309300011 3514 3673 
3309300012 3805 3693 
3309300013 3580 3738 
3309300014 3480 
3309300021 3561 
3309300022 2811 2983 
3309500006 4274 
3310100005 10034 10051 
3310100235 11578 11678 11689 
3310100319 8499 8513 
3310300001 5815 
3310300006 4978 4867 
3310300008 4947 4840 
3310300009 5159 5050 
3310300023 4819 
3310300024 4711 4601 
3310300025 4791 4683 
3310500005 13432 13519 13538 
3310500495 13254 13347 13366 
3310500518 13785 13879 13894 
3310500519 13379 13396 
3310500529 13552 13645 13665 
3310500655 13563 13682 13700 
3310500666 13338 13434 13455 
3310500682 13288 13382 13413 13298 
3310500686 13451 13479 
3310500696 13614 13634 
3310500743 13432 13533 13552 
3310500746 13414 13434 
3310500753 13964 14095 14112 
3310500768 13851 13944 13964 
3310500798 13589 13715 13731 
3310500853 13112 13195 13221 13137 13121 
3310500868 14727 14743 
3310500901 12335 12419 12447 12353 12340 
3310500930 14552 . 14652 14668 
3310500934 12841 12929 12960 12861 .12846 
3310500975 12603 12689 12718 12620 12609 
3310501044 13892 14003 
3310501121 13665 13768 13794 13691 13675 
3310501273 13375 13470 13488 
3310501291 13208 13230 
3310501321 13220 13240 
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3310501324 13621 13714 13728 
3310501340 13319 13414 13434 
3310501369 13519 13612 13625 
3310501389 13581 13662 13681 
3310501397 13767 13882 13899 
3310501411 13311 13414 13436 
3310501423 13441 13524 13543 
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AppendixC 
Intermediate Extensive Discontinuity Top Depths 
APINumber 04 08 010 D14 015 019 
2502121057 11081 
2502121082 12355 
2505505019 9969 
2508305016 11980 
2508321005 12922 
2508321015 13066 
2508321201 12763 
2508321244 12408 
2508321262 12507 
2508321320 12207 
2508321402 13129 
2508321516 12834 
2508321609 11917 
2508521081 12302 
2508521352 13371 
2508521404 13198 
2508521406 12695 
2508521543 10992 
2509121004 11470 
2509121258 11683 
2509121492 12214 
3301500004 5781 5731 
3301500011 7105 7053 
3301500042 6325 
3301500043 6344 6294 
3302700002 3695 3666 3642 
3302700009 3509 
3303100002 2913 
3303100005 3444 
3303900004 2632 2604 2577 
3304300005 5712 5663 
3305301167 13695 
3305900034 8462 
3306300010 2790 2760 2737 
3306300015 2643 2616 2590 
3306900010 4802 
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T 
API Number 04 08 010 014 015 D19 
3118 
3307100004 
3307100029 2880 2835 
3309100007 1254 
3309300009 3530 
3309300011 3600 3558 
3309300013 3670 3629 
3309300014 3617 
3309300021' 3701 
3309300022 2930 2872 
3310300006 4920 
3310300008 4925 4889 4865 
3310300010 4178 
3310300022 4363 
3310300024 4691 4648 4634 
3310300025 4772 4733 4713 
3310500495 13324 
3310500682 13370 
3310500768 13921 
3310500853 13175 
3310500868 14705 
3310500930 14625 
3310500934 12914 
3310500975 12670 
3310501121 13746 
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T 
AppendixD 
Minor Extensive Discontinuity Top Depths 
API Number D9 D16 D18 D29 D30 
3300100006 8867 
3300300004 1874 
3300500004 4965 
3301500006 6149 
3303100005 3416 
3303700020 7761 
3303700022 9736 
3303700024 8806 
3303700025 8142 
3304100015 10061 
3306900031 5652 
3307100002 3606 
3308300005 6247 
3309100007 1224 
3309300012 3786 
3310300010 4150 
3310300022 ·4338 
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1, 
Appendix E 
Isolated Discontinuity Top Depths 
API Number D7 D11 D20 D21 D22 D23 D32 D36 
2502121089 10839 
2507905005 10211 
2507905025 9581 
2510905018 9439 
3300700054 12564 
3302100001 1695 
3302900018 4992 5028 
3302900019 5205 5244 
3302900027 5425 5468 
3303300050 12450 
3303300053 12053 
3303300080 . 12488 
3303300120 11974 
3303300129 12368 
3303700020 7854 
3303700022 9803 
3303700024 8861 
3303700025 8239 
3305300449 13590 
3305300688 14208 
3305301055 14482 
3305301056 14414 
3305301066 13639 
3305301167 13616 
3305301187 14428 
3305301190 14230 
3305301454 14707 
3305301634 14475 
3305301937 14390 
3305302224 14752 
3305302267 14145 
3305302268 14665 
3305302302 14541 
3309300009 3406 3423 
3309300010 3781 3795 
3309300014 3493 3521 
129 
r 
API Number D7 011 020 021 D22 D23 D32 D36 
3309300021 3581 3603 
3310500518 13808 
3310500655 13590 
3310500746 13329 
3310500753 13994 
3310501273 13384 
3310501324 13634 
3310501369 13538 
3310501389 13595 
3310501397 13797 
3310501423 13461 
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AppendixF 
Other Discontinuity Top Depths 
API 
Number 012 013 017 024 025 026 027 028 
3300300004 1833 
3300500004 5007 
3302900018 5009 5043 
3304900127 8374 8409 
3305500003 8684 8723 
3305900034 8511 
3309300012 3733 
3309300022 2961 
API 
Number 031 033 034 037 038 039 040 
2502121057 11137 
2502121062 11152 
2502505284 9123 
2505505019 10071 9929 
2509121250 11442 
3303700020 
3303700022 
3303700024 
3303700025 
3305301634 14461 
3308900246 11256 
3308900253 11029 
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